To determine the effects of ammonia load on glucose metabolism in ruminant small intestinal tissues, duodenal mucosal cells (DMC) were isolated from growing female sheep (n = 10; 46.0 ± 0.8 kg of BW) fed diets differing in CP content: high (19.4%) vs. low (13.1%). Ammonia concentration in the duodenal digesta fluid was greater for sheep fed a high CP diet compared with those fed a low CP diet (16.4 ± 1.0 vs. 9.1 ± 1.8 mM). The isolated primary mucosal cells were incubated for 90 min with [2-
INTRODUCTION
Glucose is one of the limiting nutrients in high-producing ruminant animals (Fahey and Berger, 1988) . Gluconeogenesis, the primary source of glucose in ruminants, may not be sufficient to meet the glucose demand of high-producing ruminant animals (Elliot, 1976; Hurtaud et al., 2000) . Glucose absorbed in the intestine can contribute up to 30% of the total glucose supply for cattle fed high-concentrate diets (Huntington, 1997) , and greater duodenal glucose supply increases milk and milk lactose yield in cows (Rigout et al., 2002) . In addition, starch digestion in the small intestine is more energetically efficient compared with starch fermentation in the rumen (Huntington et al., 2006) .
Ruminant duodenal mucosal cells (DMC) possess the metabolic capability to assimilate ammonia-N into nonessential AA (NEAA) such as alanine, glutamate, and aspartate (Oba et al., 2005) . Alanine synthesis can be a metabolic pathway by which DMC can detoxify ammonia because of the net positive flux of alanine by the portal-drained viscera (El-Kadi et al., 2006) . Depending on dietary CP content, duodenal flow of ammonia varies greatly. However, its effects on glucose metabolism in DMC have not been studied. In a previous study (Oba et al., 2005) , ammonia-N assimilation into alanine by DMC increased in the presence of glucose, but it is not known whether glucose utilization for alanine synthesis increases when DMC are exposed to greater concentrations of ammonia. This information is important to develop feeding strategies to improve postruminal glucose and AA absorption and to reduce ammonia excretion in ruminant animals.
We hypothesized that glucose carbon utilized for NEAA synthesis in DMC would increase when the ruminant duodenal mucosa are exposed to a greater ammonia load. Thus, the objective of the study was to evaluate the effects of dietary CP content and ammonia load in the incubation media on glucose metabolism in DMC isolated from growing sheep.
MATERIALS AND METHODS

Animals and Diets
The experimental protocol was approved by Faculty Animal Policy and Welfare Committee at the University of Alberta.
Sheep were used as a ruminant model. Ten Suffolk crossbred growing female sheep (36.9 ± 1.5 kg of BW, 4 mo old) were fed a high CP (19.4%) or a low CP (13.1%) diet (Table 1) during the experiment. High and low CP diets were fed primarily to achieve greater and lesser ammonia loads in the duodenum, respectively. Total DM offered daily was 3.5% of the BW, and the amount was adjusted every week according to the change in BW. Animals were fed twice daily at 0800 and 1800 h. The diets contained 3.32 and 3.39 Mcal of ME/kg of DM, respectively, for high and low CP diets, both of which met the energy requirements of growing sheep at ADG of 400 g/d (NRC, 1985) . The dietary concentration of CP in high and low CP diets was determined to provide approximately 15% above and below the CP requirement for growing sheep, respectively (NRC, 1985) .
After feeding the experimental diets for at least 3 wk, 2 sheep were slaughtered per day for 5 consecutive days. For the first day, a lamb fed a low CP diet was slaughtered at 0700 h followed by slaughter of another lamb fed a high CP diet at 1400 h. To minimize the confounding effects of slaughter time, the order of slaughter was alternated with respect to treatment each day.
Ammonia Measurement
Duodenal digesta were collected from the proximal 50 cm of the duodenum immediately after slaughter, and stored at −20°C until analysis. Samples were centrifuged for 10 min at 1,000 × g, and the supernatant was analyzed for ammonia concentration spectrophotometrically (Hewlett Packard 8452A Diode Array, American Laboratory Trading, Groton, CT) as described by Fawcett and Scott (1960) . The samples were collected once at slaughter, which may not account for diurnal variation, but they were expected to sufficiently characterize the treatment effects due to the large difference between treatments in dietary CP content (13.1 vs. 19.4%).
Cell Isolation
The DMC were isolated within 30 min after slaughter according to a method described by Okine et al. (1995) with some modifications. Briefly, 1-m-long duodenal segments from 50 cm distal to the pylorus were collected immediately after slaughter. The excised duodenal tissue was flushed with Krebs-Ringer HEPES buffer (120 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 25 mM NaHCO 3 , and 25 mM HEPES; oxygenated with O 2 :CO 2 [95:5], pH 7.4; solution A) to remove digesta and mucus. The flushed tissue was filled with solution A containing 2.5 mg/mL BSA (Sigma Chemical Co., St. Louis, MO; solution B), and both ends of the duodenal segment were clamped. The duodenal tissue filled with solution B was incubated in a container that contained solution A for 15 min in a shaking water bath (Julabo SW 22, Labortechniek, Seelbach, Germany) at 37°C. The duodenal contents were discarded and the segment was again filled with the solution B containing 1.5 mg/mL hyaluronidase (Worthington Biochemical Corporation, Lakewood, NJ). The refilled segments containing the digestion solution were kept on crushed ice in a container, and gently patted with the fingertips for 2 min to release the DMC into the lumen. The resulting DMC suspension was washed 3 times with solution A followed by centrifugation (1,000 × g for 3 min each time). Yield of isolated cells was 98 ± 0.9 × 10 7 per isolation, and their viability as determined by trypan blue dye exclusion was 77.6 ± 3.2% (n = 10). The loss of viability after a 90-min incubation at 37°C was <5%.
Incubation and Metabolite Analysis
Immediately after cell yield and viability were determined, the isolated primary cells were incubated for 90 min with glucose (3 mM) and ammonium chloride (0, 0.1, 1, 5, 10, 20, or 50 mM) in solution A in a heated (37°C) shaking water bath. The incubation time of 90 min was chosen according to Oba et al. (2004) , and metabolic conversion of glucose to other metabolites was expected to be linear during the 90-min incubation. Ammonia concentrations of the incubation media were selected to reflect the wide range of ammonia concentrations predicted to exist in the duodenum (Winnicka et al., 1992; Parker et al., 1995) . The glucose concentration in the incubation media represents blood glucose concentration observed in ruminants (Fernandez et al., 2001) . The study was conducted by using parallel incubations; the first set of flasks contained [2-13 C] glucose (Cambridge Isotope Laboratories Inc., Andover, MA) in the media to determine isotopic enrichment of NEAA and lactate, whereas the second set of flasks contained [U-
14 C] glucose (Sigma; 0.78 μCi/flask; 13.3 μCi/mmol of glucose) in the media to determine 14 CO 2 production from glucose. Incubation was initiated by adding 0.5 mL of the cell suspension (1 × 10 7 viable cells) to the media in 25-mL Erlenmeyer flasks. The flasks, containing 3 mL of total incubation volume, were oxygenated and capped immediately. The flasks in the first set were capped with glass caps, whereas the flasks in the second set were sealed with a rubber serum cap fitted with a suspended center well (Kontes, Vineland, NJ) containing a folded piece of filter paper. Incubation was terminated in both sets of flasks after 90 min by adding 0.2 mL of concentrated HClO 4 to the media. Each treatment was carried out in triplicate, and all flasks were incubated together. Two additional sets of flasks in triplicate were also prepared for the assessment of endogenous metabolite concentrations and as a 0-min control; the media were acidified immediately after the addition of the cell suspension (endogenous metabolites) or following the addition of 3 mM glucose and cell suspension (0-min control).
After termination of incubation, the incubation media in the first set of flasks were neutralized with 0.275 mL of 5.8 M K 2 CO 3 , and clarified supernatant was obtained by centrifugation (2,300 × g for 7 min). Glucose concentration of the supernatant was determined using glucose oxidase/peroxidase enzyme and dianisidine dihydrochloride (Sigma) as described previously (Raabo and Terkildsen, 1960) , and the absorbance was determined with a microplate spectrophotometer (Spectra Max 190, Sunnyvale, CA). Net glucose disappearance was calculated by subtracting the amount of glucose in incubation media of treatment flasks from that of 0-min control.
A known weight (0.5 g) of the internal standard mixture containing tracers ([U-
13 C] labeled alanine, aspartate, glutamate, and lactate; 250 nmol/g each) was added to a known weight (2 g) of clarified medium for determination of metabolite concentrations by the isotope dilution technique. To enhance gas chromatography-mass spectrometry (GC-MS) measurements at low substrate concentrations, the internal standard mixture also contained known amounts of unlabeled alanine, aspartate, glutamate and lactate to raise unlabelled substrate concentrations to within the standard curve range. Samples were applied to 1.0 g of cationexchange resin (AG-50W-× 8, 100-200 mesh, H + -form; Bio-Rad Laboratories, Hercules, CA) to separate AA and lactic acid. Standard curves were generated by adding different concentrations of unlabelled substrates to the internal standard. Alanine, aspartate, glutamate, and lactate were converted to tertiary butyldimethylsilyl derivatives (Calder and Smith, 1988 For the second set of flasks, after termination of incubation, 0.3 mL of benzethonium hydroxide was injected into the center wells using a syringe and left for 1 h at room temperature to capture CO 2 . Center wells were transferred to scintillation vials and filled with 4 mL of scintillant (Ecolite, Research Product Division, Irvine, CA). Radioactivity was determined by liquid scintillation spectroscopy (Beckman LS Beta Counter 5801, Minneapolis, MN), and the amount of glucose oxidized to CO 2 was calculated after subtracting the background nonspecific activity (0-min control).
Enzyme Assay
Additional duodenal tissue (approximately 10 cm in length) was collected from the duodenum, proximal to the previously collected segment, immediately after slaughter. The tissue was rinsed with solution A before freezing at -80°C. Duodenal mucosal cells were scraped from the frozen duodenal tissue using a glass slide. The scraped mucosal cells were homogenized in a buffer containing 0.15 M KCl, 5 mM MgSO 4 , and 5 mM EDTA. Cell disintegration was carried out using a sonicator (Sonic 300 Dismembrator, Manassas, VA) for 3 min. The homogenate was centrifuged at 21,000 × g at 0°C for 1 h, and the supernatant was used for the measurement of hexokinase (EC 2.7.1.1) and pyruvate kinase (EC 2.7.1.40) activity as described by Darrow and Colowick (1962) and Cardenas and Dyson (1973) , respectively. Briefly, for the glucokinase assay, 2.5 mL of a reaction cocktail (pH 8.5; prepared by mixing 5.0 mL of 100 mM glycylglycine buffer, 5.0 mL of 200 mM ATP, 6.0 mL of 0.01% cresol red, and 33.4 mL of deionized water) was added with 0.4 mL of 200 mM glucose and 0.1 mL of the supernatant in a cuvette, and the absorbance of the solution was measured at 560 nm at 25°C for 5 min using a spectrophotometer (Beckman DU50, Beckman Analytical, Palo Alto, CA). For the pyruvate kinase assay, a reaction cocktail composed of 1.3 mL of deionized water, 0.8 mL of 100 mM potassium phosphate buffer (pH 7.6 at 37°C), 0.16 mL of 8 mM phosphoenol pyruvate, 0.2 mL of 3 mM β-NADH, 0.2 mL of 100 mM MgSO 4 , 0.1 mL of 40 mM ADP, 0.04 mL of l-lactic dehydrogenase, and 0.1 mL of 30 mM fructose diphosphate was prepared. The cocktail was mixed with 0.1 mL of the supernatant in a cuvette, and the absorbance of the solution was determined at 340 nm at 37°C for 5 min using the same spectrophotometer.
Statistical Analysis
The effect of dietary CP was determined using the MIXED procedure (SAS Institute Inc., Cary, NC) using the following model: Y ijk = μ + P i + T j + P i × T j + ε ijk , where Y ijk was the observed value, μ was the overall mean, P i was the effect of dietary CP concentration, and T j was the effect of slaughter time. The linear and quadratic effects of ammonia concentration in the incubation media was determined using the following model: Y ijkl = μ + P i + T j + P i × T j + S k (P i × T j ) + A l + T j × A l + P i × T j × A l + A l × A l + ε ijkl, , where Y ijkl was the observed value, μ was the overall mean, P i was the fixed effect of dietary CP concentration, T j was the random effect of slaughter time, S k was the random effect of sheep, and A l was the fixed effect of ammonia concentration in the incubation media. The second statistical model had originally included interactions between the effects of ammonia and dietary CP concentration, but they were removed as they were not significant (P > 0.27) for any response variable. Linear and quadratic contrasts based on unequally spaced treatments were used to evaluate effects of ammonia concentration. Treatment effects were considered significant at P < 0.05.
RESULTS
Dietary treatment did not affect (P ≥ 0.17) DMI, BW gain, and ADG at slaughter ( Table 2 ). The CP intake (P < 0.001) and duodenal ammonia concentration (P = 0.005) were greater for the high CP treatment compared with the low CP treatment.
Glucose disappearance was greater (P = 0.03) in the incubation media for DMC isolated from the sheep fed a low CP diet (Table 3) . However, dietary CP did not affect (P ≥ 0.13) in vitro glucose carbon oxidation or utilization for the synthesis of lactate, alanine, aspartate, and glutamate.
Glucose disappearance and utilization of glucose carbon for oxidation and synthesis of aspartate were not affected (P ≥ 0.47) by the ammonia concentration in the incubation media (Table 4) . As the ammonia concentration increased, utilization of glucose carbon for alanine synthesis decreased linearly (P = 0.03), and that for lactate synthesis changed quadratically (P < 0.001); it increased when ammonia concentration increased from 0 to 0.1 mM, but decreased when ammonia concentration increased from 0.1 to 50 mM.
Hexokinase activity was greater (P = 0.01) in the duodenal mucosa collected from the sheep fed a low CP diet (Table 5 ). However, there was no effect (P = 0.43) of dietary CP on pyruvate kinase activity. 
DISCUSSION
The specific objective of the current study was to evaluate dose-dependent effects of ammonia-N on glucose metabolism. Therefore, it was necessary to tightly control ammonia-N concentrations in the incubation media by limiting the ammonia-N from other sources to address the experimental objective, but the results need to be interpreted with caution because the nutrients presented in the incubation media did not contain AA and, thus, may not necessarily mimic the in vivo nutrient profiles in the duodenal lumen. The DMC incubation condition used in this study was similar to that described by Baldwin and McLeod (2000) for ovine ruminal epithelial cells and Oba et al. (2005) for ovine DMC. The viability of DMC was 77.6% in this study, but this should not affect interpretation of the results because we added 10 7 viable cells to each incubation flask. Furthermore, less than 5% cell viability loss occurred over the 90-min incubation period, which indicates that DMC were metabolically active throughout the incubation. The viability of DMC in our study was comparable to that of isolated enterocytes reported in previous studies in sheep (81.6%; Oba et al., 2005) and in rats and chickens (70 to 80%; Topping and Visek, 1977) .
It was observed previously that ammonia-N assimilation into NEAA by DMC increased in the presence of glucose (Oba et al., 2005) . However, the previous study did not examine how the extent of exposure of DMC to ammonia affects glucose carbon utilization for NEAA synthesis by DMC. This information is important because glucose is one of the limiting nutrients for high-producing ruminant animals (Fahey and Berger, 1988) . A significant amount of dietary starch reaches the duodenum when ruminant animals are fed a highgrain diet, and some starch is absorbed as glucose in the small intestine (Owens et al., 1986; Huntington, 1997) . In addition, dietary CP content affects ammonia concentration in the ruminant duodenum as shown in this study. Using ovine DMC as a model, the current study was conducted to determine if ammonia load affects glucose metabolism by DMC.
Results of this study indicate that ammonia concentration in the incubation media did not affect glucose disappearance or glucose carbon utilization for the production of CO 2 and aspartate by DMC. As the ammonia concentration in the incubation media increased, glucose carbon utilization for alanine production by DMC decreased. This did not support our hypothesis that glucose carbon utilized to synthesize NEAA in DMC would increase when the duodenal mucosa are exposed to greater ammonia concentration. The present results indicated that glucose can provide carbon for NEAA synthesis in DMC, but glucose carbon utilization for alanine and aspartate synthesis does not change as ammonia concentration in the incubation media increases. In agreement with the present results, Topping and Visek (1977) indicated that ammonia had no effect on glucose oxidation in rat enterocytes, whereas Prior et al. (1974) observed that ammonia increased glucose oxidation in chick enterocytes. In contrast to the present results that lactate production from glucose increased up to 0.1 mM and decreased to 50 mM ammonia concentration during a 90-min incubation, Prior et al. (1974) indicated that 10 mM ammonia increased lactate synthesis from glucose in chick enterocytes during a 60-min incubation. A previous study on glucose metabolism in isolated chick enterocytes (Porteous, 1980) indicated that AA such as glutamate, aspartate, and glutamine, which can produce ammonia in the incubation media, had no effect on glucose oxidation and use of glucose carbon for the synthesis of lactate, aspartate, glutamate, and glutamine. However, AA increased the use of glucose carbon for alanine synthesis. Kight and Fleming (1995) reported that glutamine had a suppressive effect on glucose metabolism by altering the amount of pyruvate carbon entering the TCA cycle in rat enterocytes. The reasons for the discrepancies between the current study and previous studies are not clearly understood, but might be attributed to the differences in incubation conditions and animal species.
The present study showed that the DMC isolated from sheep fed a low CP diet utilized more glucose compared with those from sheep fed a high CP diet. This is attributed to greater hexokinase activity observed in the duodenal mucosa from sheep fed low dietary CP. The greater hexokinase activity indicated that sheep fed a low CP diet might have relied on glucose as a metabolic fuel to a greater extent compared with those fed a high CP diet. Although we used urea to increase dietary CP concentration, we expected that AA absorption at the duodenum was greater for sheep fed a high CP diet because of the amount of microbial protein. According to the dairy NRC (2001) model, microbial protein produced in sheep fed the high CP diet was greater by 57 g/d than those fed the low CP diet. Thus, it is speculated that the greater amount of AA absorbed spared glucose use in the DMC of sheep fed a high CP diet compared with those of sheep fed a low CP diet. Furthermore, the interaction between the effects of in vitro ammonia concentrations and dietary CP contents was not significant for any of the response variables observed in the present study, indicating that the effects of dietary treatment may not be attributed to the difference in the ammonia load between the diets. Previous studies showed that glucose metabolism in DMC can be increased when AA such as glutamate, glutamine (Oba et al., 2004) , or leucine (Reiser et al., 1975) are limiting. Further, Taniguchi et al. (1995) showed that the net absorption of glucose across the portal-drained viscera was reduced with decreased protein supply, indicating that low protein supply can enhance glucose demand by the intestinal tissues. However, in contrast to our finding that hexokinase activity is decreased with high dietary CP, hexokinase activity in rat intestinal mucosa was not affected by high dietary casein intake (Shakespeare et al., 1969) .
Previous in vivo studies (Castlebury and Preston, 1993; Taniguchi et al., 1995) showed that abomasal or duodenal protein supply increased intestinal starch disappearance or glucose absorption into the portal vein. In a steer infused with 800 g/d corn starch into the abomasum, abomasal supply of 800 g/d sodium caseinate increased the net glucose absorption across portal-drained viscera by 2-fold compared with the ruminal supply of the same quantity of sodium caseinate (Taniguchi et al., 1995) . Similarly, in a study with sheep, small intestinal starch disappearance and glucose absorption across the portal-drained viscera were increased with greater casein infusion into the abomasum (Castlebury and Preston, 1993) . The reasons for the increased glucose absorption with greater CP supply in these studies could be that the presence of additional AA reduced glucose metabolism in the intestinal tissues (Oba et al., 2004; Reiser et al., 1975) . Another study showed that abomasal infusion of casein increased Na + glucose co-transporter 1 activity in the small intestinal mucosa of sheep (Mabjeesh et al., 2003) , indicating potentially enhanced glucose absorption from the intestinal lumen.
In contrast to the results of the present study, some studies (Guerino et al., 1991; El-Kadi et al., 2006) have reported that increased CP supply had either no or negative effects on net glucose absorption across portal-drained viscera. Increased casein infusion into the duodenum (up to 105 g/d) had no effect on arterial glucose utilized by mesenteric-drained viscera in sheep fed a low starch (3.9%) diet (El-Kadi et al., 2006) . In the El- Kadi et al. (2006) study, glucose absorption in the duodenum was expected to be negligible because of the extremely low dietary starch intake, which might be the reason for the lack of protein effects on glucose metabolism. Intestinal protein supply increased the amount of starch that disappeared in the intestine (Richards et al., 2002) and increased glucose absorption across the portal-drained viscera (Taniguchi et al., 1995) when a large quantity of starch was available in the duodenum. However, in a study with steers fed a high concentrate (78% corn) diet, abomasal infusion of casein (150 and 300 g/d) decreased the amount of glucose absorbed across the portal-drained viscera (Guerino et al., 1991) . The exact mechanism responsible for the discrepancies among the literature warrants further investigation.
In the present study, dietary CP intake had no effect on amount of glucose oxidized and glucose carbon utilized for lactate, alanine, aspartate, and glutamate production in isolated DMC. Thus, the metabolic pathways that account for greater in vitro glucose disappearance by DMC for the low CP treatment were not identified in the current study. However, the greater glucose disappearance for the DMC obtained from the sheep fed a low CP diet might be attributed to its utilization for the synthesis of intermediates of the pentose phosphate pathway, one of the major metabolic pathways in enterocytes (Wu, 1996) .
In conclusion, under the incubation conditions employed in this study, a greater ammonia load in the incubation media did not change glucose utilization by DMC, and the interaction between the effects of in vitro ammonia concentrations and dietary CP contents was not significant for any of the response variables observed in the present study. These results indicate that glucose carbon may not play a significant role for the synthesis of alanine, aspartate, or glutamate when the DMC are exposed to greater ammonia load. However, high dietary CP intake reduced glucose metabolism in DMC probably because of decreased hexokinase activity. Further investigation is warranted to understand the physiological basis that regulates glucose utilization in the DMC.
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